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Abstract 


Barrel  centerline  curvature  is  known  to  influence  the  location  of  projectile  shot  impacts. 
Superimposed  on  the  unique  manufactured  barrel  centerline  is  the  flexed  barrel  shape  that  can 
occur  prior  to  firing  while  the  tank  is  on  the  move.  In  order  to  understand  and  quantify  the 
effects  of  barrel  flexure  on  gun  accuracy,  it  is  necessary  to  determine  what  combination  of 
fundamental  mode  shapes  is  most  likely  to  occur.  A  method  to  accomplish  this  task  is  described 
in  this  report.  The  method  is  demonstrated  by  enumerating  the  10  most  likely  mode  shape 
combinations  (flexed  barrel  shapes)  that  were  found  to  occur  in  an  M256  barrel  mounted  in  an 
M1A2  tank  while  it  traversed  the  RRC-9  bump  course  at  Aberdeen  Proving  Ground,  MD,  at  15 
mph. 
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1.  Introduction 


Excluding  aiming  and  pointing  errors,  tank  gun  inaccuracy  can  be  compartmentalized  into 
three  areas.  One  source  of  variation  is  associated  with  the  ammunition  (e.g.,  variations  in  the 
projectile  geometry  and  mass  asymmetries  and/or  chambering  differences  between  rounds). 
Another  source  of  error  arises  from  factors  that  can  change  from  occasion  to  occasion  within  the 
same  gun  system,  e.g.,  the  effect  of  weather  conditions  such  as  temperature,  sun,  wind,  and 
moisture,  on  component  parts  like  the  ammunition  (Held,  Webb,  and  Schmidt  1991).  A  third 
error  category  is  attributable  to  variations  in  the  barrel,  e.g.,  wear  conditions  and/or  centerline 
shape  (Wilkerson  1 995).  This  report  deals  with  the  latter  source  of  error.  In  particular,  the  topic 
of  discussion  here  is  how  the  barrel  centerline  shape  can  be  perturbed  prior  to  firing  on  the  move 
as  a  result  of  lateral  flexing  created  by  the  vehicle  motion. 

Before  proceeding,  a  brief  discussion  is  in  order  on  how  firing  on  the  move  differs  from 
static  firing.  Figure  1  portrays  how  the  three  previously  mentioned  contributors  to  gun 
inaccuracy  can  affect  the  fall  of  shot.  For  instance,  the  illustration  conveys  that  for  a  given  gun 
tube  firing  from  a  stationary  vehicle  on  a  given  day,  there  will  be  a  spread  in  target  impacts 
(referred  to  as  round-to-round  or  target  impact  dispersion  [TID])  about  a  center  of  impact  (COI). 
Note,  even  though  projectile  gravity  drop  is  factored  into  the  muzzle  aim  point,  the  COI  will  not 
necessarily  lie  on  the  target  (cross  in  Figure  1). 

The  angle  subtended  at  the  muzzle  between  the  COI  and  the  expected  (gravity  corrected) 
target  impact  point  (cross)  is  referred  to  as  jump.  Jump  is  primarily  due  to  the  effects  of  lateral 
and  rotational  motion  imparted  to  the  projectile  by  the  barrel,  sabot,  and  aerodynamic  forces 
before  it  reaches  free  flight.  Figure  1  (inset)  breaks  down  the  jump  into  a  series  of  directional 
changes  (as  enumerated  by  Bomstein  et  al.  1988)  caused  by  (1)  a  difference  in  the  muzzle 
pointing  angle  at  shot  exit  relative  to  the  original  line  of  fire,  (2)  a  muzzle  transverse  (crossing) 
velocity  at  shot  exit,  (3)  a  transverse  velocity  of  the  projectile’s  center-of-gravity  at  shot  exit 
relative  to  the  muzzle  (eg  jump),  (4)  asymmetric  lateral  sabot  discard  forces,  and  (5) 
aerodynamic  lift  forces  up  to  the  point  of  the  first  maximum  in  yaw  (Bundy  1 999). 
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If  the  same  gun  and  lot  of  ammunition  were  to  be  fired  the  next  day,  all  other  factors  being 
the  same,  the  impacts  would  likely  be  scattered  about  a  different  COI;  such  a  shift  in  COI  falls 
under  the  category  of  occasion-to-occasion  jump  error.  On  the  other  hand,  if  a  different  barrel 
was  fired  from  the  same  tank  on  the  same  day  with  the  same  lot  of  ammunition,  the  scattering  of 
impacts  would  likely  occur  about  yet  another  COI;  this  phenomenon  would  be  recognized  as 
tube-to-tube  jump  variation. 

Using  data  accumulated  from  a  large  number  of  tank,  tube,  occasion,  and  ammunition  lots,  an 
all-inclusive  (occasion-to-occasion,  plus  tube-to-tube)  mean  jump  for  the  entire  fleet  of  tanks  has 
been  established  and  used  to  make  an  average/gross  correction  to  the  firing  aim  point  for  each 
ammunition  type,  known  as  the  computer  correction  factor  (CCF). 

Firing  on  the  move  creates  yet  another  source  of  error.  The  effects  of  varying  barrel  motion 
(flexure)  due  to  tank  travel  are  superimposed  on  the  more  repeatable  barrel  motion  effects  caused 
by  the  firing  event  itself  (e.g..  Figure  2,  Guidos  1999),  resulting  in  an  increase  in  shot  scatter. 
Thus,  the  moving  TTD  (mTID)  will  be  greater  than  the  stationary  TID  (sTID),  as  illustrated  in 
Figure  3. 

Issues  related  to  on-the-move  firing  performance  can  be  subdivided  into  two  parts:  (1) 
prefiring  effects,  which  address  the  dynamic  behavior  of  the  gun  tube  during  on-the-move 
vehicle  operation,  and  (2)  firing  effects,  which  address  the  in-bore  dynamics  of  the  projectile. 
The  focus  of  this  study  is  limited  to  the  former,  but  ultimately,  it  is  hoped  that  the  insights  gained 
here  will  suggest  modifications  to  the  fire  control  system  that  will  improve  the  overall  on-the- 
move  system  accuracy. 


2 


Mean  Jump  for  a  Large  Sample  Set 


Figure  1.  Typical  Stationary  Firing  Results. 


Time  (ms)  Shot  Exit 


Figure  2.  Example  of  Barrel  Motion  Repeatability  for  an  M256  Barrel 
Firing  M865E3  Training  Rounds  (Courtesy  of  Guidos  1999). 
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Figure  3.  Illustration  of  Firing-on-the-Move  Results  From  the  Same  Gun 
Firing  on  the  Same  Day. 


2.  Describing  Barrel  Motion 


Prefiring  barrel  motion  can  be  broken  down  into  its  rigid-body  and  flexing  mode  components 


as  follows: 


y(x,t) 


riflhl  hiulx 

y/t)  +  B{t)[  x  -  7J  +  YfxJ) 

flexing  mod  e 


(1) 


where  y  gives  the  vertical  component  of  the  lateral  barrel  displacement  (relative  to  the  static 
barrel  centerline)  at  time  t  in  an  earth-fixed  coordinate  frame;  x  specifies  the  axial  bane! 
coordinate  relative  to  the  breech  face  (x,  is  the  location  of  the  trunnion);  y,  gives  the  vertical 
displacement  of  the  trunnion  axis;  0  specifies  the  rotation  of  the  barrel  about  the  trunnion  axis, 
and  Y  gives  the  vertical  component  of  the  lateral  barrel  displacement  (relative  to  the  static  barrel 
centerline)  in  a  coordinate  frame  that  is  rotating  and  translating  with  the  barrel.  The  flexing 
mode  component,  Y,  can  be  further  broken  down  into 

Y(x,t)  =  qjt)  Y}(x)  +  q2(t)Y2(x)  +  qy(t)Yy(x)  ,  (2) 
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where  F,  (i  =  1,  2,  3)  are  the  first  three  barrel  flexing  mode  shapes  (normalized  to  unity),  and 
gives  the  amplitude  of  each  mode  shape.  It  is  assumed  in  Equation  2,  and  later  shown  to  be  the 
case,  that  no  more  than  the  first  three  mode  shapes  are  needed  to  account  for  barrel  flexing  from 
tank  motion.  The  next  section  discusses  the  rigid-body  terms,  Q  and  y,. 


2.1  Rigid-Body  Barrel  Motion  Due  to  Vehicle  Travel  While  Target  Tracking 

Current  tank  gunnery  protocol  calls  for  the  periodic  checking/ adjustment  of  the  gunner’s 
sight  line  to  ensure  that  it  is  coincident  with  the  muzzle  (bore  scope)  sight  line,  when  both  are 
aimed  at  a  distant  target  and  the  tank  is  stationary.  When  targeting  an  object  while  the  tank  is  on 
the  move,  an  angle  resolver  is  used  to  measure  the  sight  rotation  angle,  0,  to  within  ±10  arc 
seconds  (±0.05  mrad).  (Briefly,  an  angle  resolver  functions  by  measuring  induced  voltage  in  a 
secondary  winding  as  a  function  of  its  axial  orientation  in  the  field  of  a  primary  winding.)  Based 
on  the  sight  resolver  output,  a  force  is  delivered  to  the  barrel  (through  a  hydraulically  controlled 
piston  actuator)  that  causes  the  barrel  to  rotate  by  the  same  amount  as  the  sight,  as  measured  by  a 
(second)  barrel-angle  resolver.  The  resolver-actuator  control  is  the  essence  of  the  current  gun 
stabilization  system,  intended  to  keep  the  line  of  fire  directed  at  the  target,  illustrated  in  Figure  4. 
As  described,  maintaining  target  pointing  is  critically  dependent  on  the  target- following  abilities 
of  the  gunner  (manifest  in  the  sight  resolver  output);  however,  new  technologies  such  as  auto¬ 
tracking  have  the  potential  to  significantly  reduce  the  demands  on  the  gunner  during  this  process. 


Figure  4.  Caricature  of  Rigid-Body  Motion  of  the  Sight  and  Barrel 
While  Target  Tracking  as  the  Tank  Traverses  a  Bump. 
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The  preceding  discussion  focuses  on  rigid-body  gun  pointing  as  a  means  of  improving 
accuracy  by  keeping  the  line  of  fire  directed  at  the  target  while  the  tank  is  traversing  terrain 
disturbances  that  would  otherwise  cause  the  barrel  to  pitch  (rotate)  up  or  down.  A  secondary 
accuracy  issue  concerns  the  lateral  velocity  (jump)  that  would  be  imparted  to  the  projectile  at 
shot  exit  due  to  (1)  rigid-body  translation  of  the  barrel  caused  by  tank  travel  and  (2)  actuator- 
induced  rigid-body  rotation  of  the  barrel  enforced  during  target  tracking.  The  jump  derived  from 
rigid-body  translation  and  rotation  for  the  moving,  target-tracking  barrel  would  be  superimposed 
on  the  aforementioned  crossing  velocity  jump.  Knowing  and  compensating  for  projectile  jump 
due  to  vehicle  motion  and  target  tracking  would  improve  firing-on-the-move  accuracy.  The 
inclusion  and  use  of  a  vertical  plane  accelerometer  to  determine  y, ,  along  with  a  knowledge  of 

6  (from  the  sight  resolver  output),  could  be  used  to  determine  such  a  firing-on-the-move 
correction  angle,  frigid-body- 


P rigid  body 


^  y,  muzzle^ 

^  a\  muzzle 


y,  +  ( -x,)d 

V  * 
x.  muzzle 


(3) 


where  vXJWKZta  is  the  standard  launch  velocity  of  the  projectile  and  xm  is  the  breech-face- to-muzzie 
distance  (note,  positive  8  will  be  in  the  direction  from  positive  x  to  positive  y ,  see  Figure  5). 


Figure  5.  Rigid-Body  Motion  of  the  Barrel  ( y -  and  8  )  Due  to  Terrain  and  Actuator  Forces. 
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Although  it  was  possible  to  explicitly  describe,  via  Equation  3,  the  effects  of  rigid-body 
barrel  motion  on  the  projectile  (caused  by  target  tracking  and  tank  motion),  quantifying  the 
effects  of  barrel  flexing  on  the  projectile’s  flight  path  is  not  as  easily  done.  In  fact,  such  detail  is 
not  within  the  scope  of  the  present  study;  the  primary  interest  here  is  on  how  to  determine  and 
describe  the  dominant  barrel  flexing  modes,  and  possibly  conjecture  as  to  their  effect  on  the 
projectile. 


2.2  Barrel  Flexing  Modes  and  Tube  Shapes 

Modeled  as  a  system  of  point  masses  connected  by  spring-like  forces,  the  fundamental  barrel 
flexing  modes  can  be  determined  by  solving  the  appropriate  mass-stiffness  matrix.  The  first 
three  mode  shapes  for  the  M256  120-mm  barrel  are  shown  in  Figure  6;  all  shapes  are  normalized 
to  unity.  Note,  all  three  mode  shapes  pass  through  zero  at  the  location  of  the  trunnions  (~53  in, 
1.35  m)  and  actuator  (~35  in,  0.89  m),  where  the  point  masses  are  considered  to  be  pinned. 
Recall,  in  principle,  rigid-body  motion  accounts  for  the  displacement  as  well  as  rotation  of  the 
line  passing  through  the  actuator  and  trunnion  points  (Equation  1),  relative  to  which  the  mode 
shapes  of  Figure  6  are  referenced.  (In  actuality,  for  modeling  barrel  mode  shapes,  it  would  be 
more  appropriate  to  consider  the  barrel  pinned  at  the  front  and  rear  load-bearing  surfaces  within 
the  recoil  mount;  for  simplicity,  however,  this  is  not  done  here.) 

3.  Barrel  Flexing  Due  to  Tank  Motion 

The  shape  of  the  flexed  barrel  at  any  given  time  is  determined  by  the  mode  shape  amplitudes, 
qh  according  to  Equation  2.  Figure  7  shows  a  typical  time  sample  of  the  mode  shape  amplitudes 
for  the  M256  barrel  mounted  on  the  M1A2  tank,  traversing  the  bump  course  referred  to  as  RRC- 
9  at  Aberdeen  Proving  Ground,  MD.  As  indicated,  the  first  mode  is  the  dominant  one.  While 
traversing  RRC-9,  the  ratio  of  amplitudes  qr.q2:qs  was  found  to  be  on  the  order  of  25:5: 1.  This 
being  the  case,  it  is  possible  to  adequately  characterize/model  flexing  of  the  M256  barrel  over 
this  course  by  summing  over  just  the  first  two  mode  shapes  in  Equation  2. 
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Figure  6.  First  Three  Fundamental  Barrel  Flexing  Mode  Shapes 
(Normalized  to  Unity)  for  the  M256  120-mm  Barrel. 


Time  (s) 

Figure  7.  Typical  Mode  Shape  Amplitudes  While  Vehicle  Is  in  Motion. 
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Figure  8  illustrates  how  the  ratio  of  qi/q2  can  be  discretized  by  counting  the  number  of 
occasions  that  a  given  ratio  (within  some  tolerance  band)  occurs  over  a  given  time  span.  Figure 
9a  shows  how  the  distribution  of  ratios  qilqi  varies,  over  the  range  from  —50  to  +50  in 
increments  of  1,  while  an  M1A2  tank  traversed  RRC-9  at  15  mph  (taking  an  elapsed  time  of  20  s 
and  generating  9,000  data  samples).  (This  type  of  accounting/plotting  will  fluctuate  somewhat 
with  the  points  selected  and  the  width  of  the  increments,  but  in  general,  trends  will  be 
independent  of  these  factors.)  For  instance,  it  can  be  seen  from  Figure  9a  that  the  value  of  q,lq2 
between  -1 .5  and  -0.5  occurred  most  often,  523  times  out  of  the  9,000  time  increments  sampled 
(this  same  peak  location  occurred  when  the  sampling  was  refined  tenfold).  Figure  9b  shows  the 
equivalent  results,  only  plotted  in  the  nondimensional  format  of  frequency-of-occurrence. 
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There  are  some  underlying  subtleties  to  be  aware  of  in  the  plot  of  Figure  9b  (or  9a,  for  that 
matter)  as  elaborated  upon  in  Figure  10.  In  particular,  each  point  on  the  curve  (such  as  the  point 
where  qi/q2  =  -1  and  the  frequency  of  occurrence  is  5.8%)  is  determined  from  a  set,  S,  of  ratios 
q,/q2  that  are  all  within  ±e,  the  band  tolerance  (e.g.,  ±0.5),  of  the  point  in  question  (e.g.,  out  of  the 
9,000  ratios  of  qilq2,  523,  or  5.8%,  had  a  value  between  -1.5  and  -0.5).  Hence,  for  each  point, 
median  values  can  be  determined  for  qi  and  q2  within  the  corresponding  set  S.  These  median 
values  are  plotted  in  Figure  10,  as  essentially  the  third  dimension  of  Figure  9b.  Before 
discussing  the  significance  of  these  median  values,  it  is  informative  to  catalog  the  10  most  likely 
ratios  of  qilq2,  as  displayed  in  Table  1.  The  top  10  cases  are  nearly  equal  in  likelihood  of 
occurrence,  ranging  from  a  low  of  3,4%  (case  10)  to  a  high  of  5.8%  (case  1).  However,  there  is  a 
very  gradual  trend  that  shows  higher  values  of  q,/q2  are  less  likely  to  occur;  this  observation  is 
shown  more  dramatically  in  the  plots  of  Figures  9  and  10. 
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Frequency  of  Occurrence 


Figure  10.  Frequency  of  Occurrence  and  Median  Amplitudes  for  a  Given  Amplitude  Ratio. 


Table  1.  Ten  Most  Likely  Ratios  of  q}lq2 


Probability 

Order 

Ratio  of  q,lq2 
(±0.5) 

Frequency  of 

Occurring  (%) 

Median  Value 
of  q, 

(inches  X10'1) 

Median  Value 

Of  q2 

(inches  xi  0'3) 

1 

-1.0 

5.8 

-1.5 

+  1.7 

2 

-2.0 

5.4 

-5.6 

+3.0 

3 

-3.0 

5.2 

-5.8 

+2.0 

4 

+0.0 

5.2 

-0.0 

-1.0 

5 

+  1.0 

4.5 

-0.9 

-1.1 

6 

-4.0 

4.2 

-6.9 

+  1.7 

7 

+2.0 

4.0 

-4.0 

-2.1 

8 

+3.0 

3.8 

-5.6 

-1.9 

9 

-5.0 

3.7 

-8.0 

+ i  .6 

10 

-6.0 

3.4 

-7.6 

+  1.2 

K 


Total  —  45.2% 
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From  Table  1,  it  can  be  seen  that  the  median  values  of  q2  vary  in  magnitude  from  0.001- 
0.003  in  (0.025-0.076  mm),  a  fairly  uniform  grouping,  over  the  top  10  cases,  which  occur 
roughly  45%  of  the  time.  (For  perspective,  this  range  is  on  the  order  of  the  error  in  current 
centerline  measurement  techniques.)  Thus,  the  magnitudes  of  qi  will  increase  as  the  ratio  of 
qilq2  increases,  with  the  proportionality  constant  being  0.001-0.003  in.  A  case  in  point,  for  one 
of  the  larger  ratios  in  Table  1,  qilq2  =  -5,  the  magnitude  of  the  median  q/  was  0.008  in. 
Generalizing,  we  could  expect  this  magnitude  of  qi  to  occur  roughly  3.7%  of  the  time,  with 
smaller  magnitudes  of  qi  occurring  roughly  40%  of  the  time.  From  a  standpoint  of  gun  accuracy, 
the  larger  the  magnitude  of  qi  (the  dominant  mode),  the  larger  the  possible  muzzle  deflection 
angle  and  angular  rate,  which  generally  leads  to  an  increase  in  the  spread  of  shot  impacts. 
Flence,  one  option  for  a  fire-inhibit  solution  might  be  to  fire  only  when  |  qi  |,  or  the  ratio  of 
|  qtlq2  |,  is  small  (e.g.,  |  qilq2  |  <  4).  How  such  a  fire-inhibit  system  might  be  implemented  is  not 
within  the  scope  of  the  current  study;  the  comment  is  merely  made  to  show  the  practical 
significance  of  the  median  values  of  qi  (and  q2 )  for  any  given  ratio  qilq2- 

Figure  1 1  shows  the  barrel  flexure  profiles  corresponding  to  each  of  the  top  10  ratios  listed  in 
Table  1.  The  most  undulating  shapes  are  those  with  the  highest  proportion  of  second  mode 
motion  (e.g.,  cases  1-5).  For  the  most  part,  the  higher  amplitude  shapes  are  those  dominated  by 
first  mode  motion  (e.g.,  cases  6-10). 

The  top  10  tube  shapes  in  Table  1  and  Figure  1 1  were  obtained  by  searching  the  database  of 
Figure  9b  for  any  case  where  the  frequency  of  occurrence  exceeded  3%.  When  this  search 
window  was  broadened  to  include  any  case  where  the  probability  was  greater  than  0.5%,  37 
ratios  were  found  that  met  this  criterion.  These  37  cases,  plotted  in  Figure  12,  represent  the 
flexed  barrel  profile  for  a  combined  82.5%  of  the  bump-course  transit  time.  The  spread  in  peak 
amplitudes  across  this  group  is  roughly  0.030  in  (0.76  mm).  Also  shown  in  Figure  12,  for 
comparison,  is  the  average  manufactured  centerline  shape  for  the  M256  barrel  (Wilkerson  1998). 
For  the  most  part,  the  spread  in  manufactured  barrel  centerlines,  as  registered  by  their  (peak) 
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muzzle  displacements,  spans  about  0.100  in  (2.5  mm)  (i.e.,  ±0.050  in  [1 ,25  mm]  on  either  side  of 
the  average  shown)/ 


45.2%  of 
the  time, 
the  barrel  is 
approximately 
one  of  these 
shapes 


Distance  from  RFT  (in) 


Figure  11.  Ten  Most  Likely  Barrel  Shapes  Over  Bump  Course. 


4.  Summary  and  Conclusions 


This  report  has  documented  a  methodology  to  assess  the  superimposable  effects  of  tank 
motion  on  the  static  barrel  centerline  shape  of  a  rigidly  rotating  and  translating  barrel.  It  has 
been  shown,  for  example,  that  for  an  M256  barrel  in  an  M1A2  tank  traversing  the  RRC-9  bump 
course  at  15  mph,  the  resulting  barrel  flexure  could  be  adequately  captured  by  a  linear 
combination  of  just  the  first  two  mode  shapes  (higher  order  mode  shapes  were  not  a  significant 
factor).  For  roughly  a  third  (34%)  of  the  bump  course  transit  time,  the  ratio  of  the  first  to  second 
mode  amplitudes  was  <  3.  Moreover,  for  this  mixed-mode  group,  the  median  mode  shape 

*  Although  the  acceptable  tolerance  in  peak  muzzle  displacement  (relative  to  a  straight  line)  spans  0.160  in  (4  mm), 
most  manufactured  barrel  centerlines  fall  well  within  this  tolerance  limit. 
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amplitudes  were  relatively  small  (for  reference,  they  were  typically  smaller  than  three  times  the 
magnitude  of  the  current  static  centerline  measurement  error).  The  remaining  two-thirds  of  the 
time,  the  barrel  was  essentially  exhibiting  first-mode  motion,  albeit  with  relatively  large 
amplitude,  such  that  the  spread  in  peak  muzzle  displacement  over  more  than  80%  of  the  bump 
course  transit  time  was  equivalent  to  roughly  a  third  of  the  spread  in  statically  measured  muzzle 
displacements  for  barrels  coming  off  the  current  production  line. 

This  later  comparison,  between  the  dynamic  variation  in  a  given  barrel  centerline  (due  to 
vehicle  motion)  and  the  static  variation  in  manufactured  barrel  centerlines,  may  permit  the 
inference  that  the  mTID  from  any  given  barrel  might  be  on  the  order  of  one-third  the  tube- to- 
tube-based  variation  in  COIs  across  the  fleet.  However,  such  an  inference  deserves  further 
substantiation. 
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Figure  12.  Comparison  of  Most  Likely  Bump  Course  Barrel  Shapes  With 
the  Average  Manufactured  Shape  for  an  M256  Barrel. 
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DIV  8241 

W  KAWAHARA 
KPERANO 
D  DAWSON 
PNDELAN 
PO  BOX  969 

LIVERMORE  CA  94550-0096 

1  DREXEL  UNIV 
A  S  D  WANG 
32ND  &  CHESTNUT  ST. 
PHILADELPHIA  PA  19104 

1  BATTELLE 

C  R  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 

1  PACIFIC  NORTHWEST  LAB 
M  SMITH 
PO  BOX  999 
RICHLAND  WA  99352 

1  L  LIVERMORE  NATL  LAB 
M  MURPHY 
PO  BOX  808  L  282 
LIVERMORE  CA  94550 
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NO.  OF 

COPES  ORGANIZATION 


NO.  OF 

COPES  ORGANIZATION 


1  NORTH  CAROLINA  STATE  UNIV 

CIVIL  ENGINEERING  DEPT 
WRASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

1  PENN  STATE  UNIV 
R  MCNUTT 

227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENN  STATE  UNIV 
R  S  ENGEL 
245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

1  PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 
CT  SUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIV 

DEPT  OF  AERONAUTICS 
AND  AEROBALLISTICS 
DURANT  BLDG 
S  TSAI 

STANFORD  CA  94305 

1  UCLA,  MANE  DEPT  ENGR IV 
HTHAHN 

LOS  ANGELES  CA  90024-1597 

2  U  OF  DAYTON  RSRCH  INST 
RYKIM 

AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

1  UNIV  OF  DAYTON 
JM  WHITNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

2  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MATERIALS 

J  GILLESPIE 

M  SANT ARE 

201  SPENCER  LAB 

NEWARK  DE  19716 


1  U  OF  ILLINOIS  AT  URBANA 

CHAMPAIGN  NATL  CTR  FOR 
COMP  MATRLS  RSCH 
216  TALBOT  LABORATORY 
J ECONOMY 
104  S  WRIGHT  STREET 
URBANA  IL  61801 

1  UNIV  OF  KENTUCKY 
LPENN 

763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

1  UNIV  OF  UTAH 

DEPT  OF  MECH  AND  IND  ENGR 

5  SWANSON 

SALT  LAKE  CITY  UT  84112 

2  THE  U  OF  TEXAS  AT  AUSTIN 
CTR  FOR  ELECTROMECHANICS 
A  WALLS 

J  KITZMILLER 
10100  BURNET  RD 
AUSTIN  TX  78758-4497 

3  VA  POLYTECHNICAL  INST 

6  STATE  UNIV 
DEPTOFESM 
MWHYER 

K  REIFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 

1  UNIV  OF  MARYLAND 

DEPT  OF  AEROSPACE  ENG 
A  J  VIZZINI 

COLLEGE  PARK  MD  20742 

1  AAI  CORPORATION 
T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  J  HEBERT 
PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 
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COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  ARMTEC  DEFENSE  PRODUCTS 
S  DYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADV  COMP  MATERIALS  CORP 
PHOOD 

J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

1  SAIC 

D  DAKIN 

2200  POWELL  ST  STE  1090 
EMERYVILLE  CA  94608 

1  SAIC 

M  PALMER 

2109  AIR  PARK  RD  S  E 

ALBUQUERQUE  NM  87106 

1  SAIC 

RACEBAL 

1225  JOHNSON  FERRY  RD 
STE  100 

MARIETTA  GA  30068 

1  SAIC 

G  CHRYSSOMALLIS 
3800  W  80TH  STREET 
STE  1090 

BLOOMINGTON  MN  55431 

6  AT  .1 1  ANT  TECHSYSTEMS  INC 

C  CANDLAND 
R BECKER 
CAAKHUS 
DKAMDAR 
M  HISSONG 
RDOHRN 
600  2ND  ST  NE 
HOPKINS  MN  55343-8367 


6  ALLIANT  TECHSYSTEMS  INC 

J  CONDON 
ELYNAM 
J GERHARD 
M  WHITE 
LHERIOT 
G  HUTCHERSON 
PO  BOX  210 
ROCKET  CENTER  WV 
26726-0210 

1  AMOCO  PERF  PRODUCTS  INC 
M  MICHNO  JR 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 

1  APPLIED  COMPOSITES 
WGRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  EL  60174 

1  BRUNSWICK  DEFENSE 
T  HARRIS 
STE  410 

1745  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22202 

1  PROJECTILE  TECHNOLOGY  INC 
515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 

1  CUSTOM  ANALY  ENGR  SYS  INC 
A  ALEXANDER 
1 3000  TENSOR  LANE  NE 
FLINTSTONE  MD  21530 

1  NOESIS  INC 
ABOUTZ 

1 1 10  N  GLEBE  RD  STE  250 
ARLINGTON  VA  22201-4795 

1  ARROW  TECH  ASSOC 

1233  SHELBURNE  RD  STE  D  8 
SOUTH  BURLINGTON  VT 
05403-7700 

1  NSWC 

R  HUBBARD  G33  C 
DAHLGRENDIV 
DAHLGRENVA  22448-5000 


23 


NO.  OF 

COPIES  ORGANIZATION 

5  GEN  CORP  AEROJET 
D  PILLASCH 
T COULTER 
C  FLYNN 
D  RUBAREZUL 
M  GREINER 

1 100  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 

7  CIVIL  ENGRRSRCH  FOUND 

H  BERNSTEIN 
C  MAGNELL 
K  ALMOND 
R  BELLE 
M  WILLETT 
EDELO 
B  MATTES 

1015  15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  NATL  INST  OF  STANDARD  AND  TECH 
STRUCTURE  AND  MECH  GROUP 
POLYMER  DIV  POLYMERS 
RMA209 
G  MCKENNA 

GAITHERSBURG  MD  20899 

1  DUPONT  CO 

COMPOSITES  ARAJVHD  FIBERS 
S  BORLESKE 
CHESNUT  RUN  PLAZA 
PO  BOX  80702 

WILMINGTON  DE  19880-0702 

4  GENERAL  DYNAMICS 

LAND  SYSTEMS  DIV 
DBARTLE 
MNG 

V  MARCOPOLI 
C  WELLS 
PO  BOX  1901 
WARREN  MI  48090 

3  HERCULES  INC 
G  KTTF.BFJ.F.R 
J  VERMEYCHUK 
B  MANDERVILLE  JR 
HERCULES  PLAZA 
WILMINGTON  DE  19894 


NO.  OF 

COPIES  ORGANIZATION 

1  HEXCEL 

M  SHELENDICH 
11555  DUBLIN  BLVD 
PO  BOX  2312 
DUBLIN  CA  94568-0705 

4  INST  FOR  ADVANCED  TECH 
HFAIR 
P  SULLIVAN 
WREINECKE 
IMCNAB 

4030  2  WBRAKERLN 
AUSTIN  TX  78759 

1  INTEGRATED  COMP  TECHN 
H  PERKINSON  JR 
PO  BOX  397 
YORK  NEW  SALEM  PA 
17371-0397 

1  INTERFEROMETRICS  INC 
R  LARRIVA  (V  P) 

8150  LEESBURG  PIKE 
VIENNA  VA  22100 

1  AEROSPACE  RES  &  DEV  CORP 
D ELDER 
PO  BOX  49472 
COLORADO  SPRINGS  CO 
80949-9472 

1  PM  ADVANCED  CONCEPTS 
LORAL  VOUGHT  SYSTEMS 
J  TAYLOR 

PO  BOX  650003 
MS  WT21 

DALLAS  TX  76265-0003 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

K  COOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRIE  TX  75051 

1  BRIGS  CO 
J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERDONVA  22071-2443 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  SOUTHWEST  RSRCH  INST 
ENGR  &  MAT  SCIENCES  DIV 
JRIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

1  ZERNOW  TECH  SERVICES 
LZERNOW 

425  W  BONITA  AVE  STE  208 
SAN  DIMAS  C A  91773 

1  R  EICHELBERGER 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  DYNAEASTCORP 
PEI  CHI  CHOU 
3201  ARCH  ST 

PHILADELPHIA  PA  19104-2711 

2  MARTIN  MARIETTA  CORP 
P  DEWAR 

L  SPONAR 

230  EAST  GODDARD  BLVD 
KING  OF  PRUSSIA  PA  19406 

3  PRIMEX  CORP 
FLINCHBAUGH  DIV 
E  STEINER 

B  STEWART 
DOSMENT 
PO  BOX  127 
RED  LION  PA  17356 

1  PRIMEX  CORP 
L  WHITMORE 
10101  9TH  ST  NORTH 
ST  PETERSBURG  FL  33702 

1  RENNSAELER  POLYTECH  INST 
PITTSBURGH  BLDG 
PRESIDENT  OFC 
R  B  PIPES 

TROY  NY  12180-3590 

1  SPARTA  INC 
JGLATZ 

9455  TOWNE  CTR  DRIVE 
SAN  DIEGO  CA  92121-1964 


2  UNITED  DEFENSE  LP 
P  PARA 
G  THOMAS 

1 107  COLEMAN  AVE  BOX  367 
SAN  JOSE  CA  95103 

1  MARINE  CORPS  SYSTEMS  CMD 
PM  GROUND  WPNS 
COL  R  OWEN 

2083  BARNETT  AVE  STE  315 
QUANTICOV A  22134-5000 

1  OFFICE  OF  NAVAL  RES 
J KELLY 

800  NORTH  QUINCEY  ST 
ARLINGTON  VA  22217-5000 

2  NSWC 
CARDEROCK  DIV 

R  CRANE  CODE  2802 
C  WILLIAMS  CODE  6553 
3A  LEGGETT  CIR 
ANNAPOLIS  MD  21402 

5  SIKORSKY 
H BUTTS 
T  CARSTENSAN 
B  KAY 
S GARBO 
J  ADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06601-1381 

1  U  WYOMING 
D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 

1  MICHIGAN  STATE  UNIV 
R  AVERILL 
3515  EB  MSM  DEPT 
EAST  LANSING  MI  48824-1226 

1  AMOCO  POLYMERS 
J  BANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30005 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  HEXCEL 
TBITZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 

1  BOEING 

R  BOHLMANN 
PO  BOX  516  MC  5021322 
ST  LOUIS  MO  63166-0516 

1  NAVSEA  OJRI 
G  CAMPONESCHI 
235 1  JEFFERSON  DAVIS  HWY 
ARLINGTON  V A  22242-5160 

1  LOCKHEED  MARTIN 

R  FIELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  USAF 

WL/MLSM  OL  A  HAKIM 
5225  BAILEY  LOOP  243E 
MCCLELLAN  AFB  CA  55552 

1  PRATT  &  WHITNEY 
DHAMBRICK 
400  MAIN  ST  MS  114  37 
EAST  HARTFORD  CT  06108 

1  BOEING 

DOUGLAS  PRODUCTS  DIV 
L  J  HART  SMITH 
D800  0019 

3855  LAKEWOOD  BLVD 
LONG  BEACH  CA  90846-0001 

1  MIT 

P  LAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 

1  NASA  LANGLEY 
J  MASTERS 
MS  389 

HAMPTON  VA  23662-5225 


1  CYTEC 
M  LIN 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

2  BOEING  ROTORCRAFT 
PMINGURT 

P HANDEL 

800  B  PUTNAM  BLVD 

WALLINGFORD  PA  19086 

2  FAA  TECH  CENTER 
D  OPLINGER  AAR  431 
P  SHYPRYKEVICH  AAR  43 1 
ATLANTIC  CITY  NJ  08405 

1  NASA  LANGLEY  RC 

CC  POE  MS  188E 
NEWPORT  NEWS  VA  23608 

1  LOCKHEED  MARTIN 

S REEVE 
8650  COBB  DR 
D/73  62  MZ  0648 
MARIETTA  GA  30063-0648 

1  WLMLBC 
E  SHINN 
2941  PSTSTE1 
WRIGHT  PAT  AFB  OH 
45433-7750 

1  HT  RESERACH  CTR 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

1  MATERIALS  SCIENCES  CORP 
B  W  ROSEN 

500  OFFICE  CTR  DR  STE  250 
FT  WASHINGTON  PA  19034 

1  DOW  UT 

STIDRICK 
15  STERLING  DR 
WALLINGFORD  CT  06492 
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COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  TUSKEGEE  UNIV 
MATERIALS  RSRCH  LAB 
SCHOOL  OF  ENGR  &  ARCH 
S  JEELANI 
HMAHFUZ 
UVAIDYA 
TUSKEGEE  AL  36088 

4  NIST 
POLYMERS  DIV 
RPARNAS 
JDUNKERS 

M  VANLANDINGHAM 
D  HUNSTON 

GAITHERSBURG  MD  20899 

2  NORTHROP  GRUMMAN 

ENVIRONMENTAL  PROGRAMS 

ROSTERMAN 

8900  E  WASHINGTON  BLVD 

PICO  RIVERA  CA  90660 

1  OAK  RIDGE  NATL  LAB 

A  WERESZCZAK 
BLDG  4515  MS  6069 
PO  BOX  2008 

OAKRIDGE  TN  37831-6064 

1  CDR  USARDEC 

INDUSTRIAL  ECOLOGY  CTR 

TSACHAR 

BLDG  172 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  CDR  USA  ATCOM 

AVIATION  APPLIED  TECH  DIR 

JSCHUCK 

FT  EUSTTS  VA  23604 

1  CDR  USARDEC 

AMSTA  AR  SRE  D  YEE 
PICATINNY  ARSENAL  NJ 
07806-5000 


7  CDR  USARDEC 
AMSTA  AR  CCH  B 
B KONRAD 
E  RIVERA 
GEUSTICE 
S PATEL 
G  WAGNECZ 
RSAYER 
F CHANG 
BLDG  65 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  CDR  USARDEC 
AMSTA  AR  QAC  T 
D  RIGOGLIOSO 
BLDG  354  M829E3  IPT 
PICATINNY  ARSENAL  NJ 
07806-5000 

ABERDEEN  PROVING  GROUND 

62  DIR  USARL 

AMSRL  Cl 
AMSRL  Cl  C 
WSTUREK 
AMSRL  Cl  CB 
RKASTE 
AMSRL  Cl  S 
A  MARK 
AMSRL  SLB 
AMSRL  SL  BA 
AMSRL  SL  BL 
D  BELY 
AMSRL  SL  I 
AMSRL  WM 
A  HORST 
E  SCHMIDT 
DVIECHNICK 
G  HAGNAUER 
J  MCCAULEY 
AMSRL  WM  BE 
G  WREN 
C  LEVERITT 
D  KOOKER 
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ABERDEEN  PROVING  GROUND 
CONT 

AMSRLWMBD 
P  PLOSTINS 
DLYON 
JNEWILL 
S  WILKERSON 
M  BUNDY  (3  CPS) 

J GARNER 
RFIFER 
B  FORCH 

R  PESCE  RODRIGUEZ 
BRICE 

AMSRLWMMA 
RSHUFORD 
S  MCKNIGHT 
AMSRLWMMB 
B  BURNS 
W  DRYSDALE 
L  BURTON 
D  HOPKINS 
C  HOPPEL 
RKASTE 
G  GAZONAS 
RLIEB 
JTZENG 
T  BOGETTI 
B  FINK 

D  GRANVILLE 
D  SPAGNUOLO 
W  SPURGEON 
M  BERMAN 
AFRYDMAN 
AMSRLWMMC 
J BEATTY 
AMSRLWMMD 
WROY 
W  DE  ROSSET 
AMSRLWMT 
D  DIETRICH 
AMSRLWMTA 
W  GILLICH 
ERAPACKI 
T HAVEL 
AMSRL  WMTC 
R  COATES 
AMSRLWMTD 
W  BRUCHEY 
A  DAS  GUPTA 


AMSRLWMBA 
W  DAMICO 
AMSRL  WM  BR 
J  BORNSTEIN 
AMSRL  WMTE 
ANIILER 
AMSRL  WM  BF 
J  LACETERA 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/ answers  to 
the  items/questions  below  will  aid  us  in  our  efforts. 

1 .  ARL  Report  Number/Author  ARL-MR-479  (Bundvl _ Date  of  Report  June  2000 _ 

2.  Date  Report  Received  _ _ _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report  will  be 

used.) _ _ _ _ _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ _ _ _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to  organization, 
technical  content,  format,  etc.) _ _ _ 


Organization 

CURRENT 

ADDRESS 

Name 

E-mail  Name 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the  Old 
or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 
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